Repeated cycles (multiple generations) of nuclear transfer procedures have the potential of producing a large number of identical offspring from the micromanipulation of one mammalian embryo. This paper outlines the differences in nuclear transfer procedure efficiencies and developmental rates for the various stages and generations of embryos. We report the production of 54 genetically identical embryos that developed to the morula stage from one parent embryo. When a limited number of nuclear transfer embryos (clones) were transferred to recipient females, first, second, and third generation calves were born. Clones cultured for 5 days in the sheep oviduct had a greater number of cells (28.1 ± 1.7) than clones cultured for 4 days (17.8 ± 1.7). However, fusion rates were lower for Day 5 clones (Day 5, 57% vs. Day 4, 68%; p < 0.001) used as donors for the next generation of cloning. Different generations of clones also varied in fusion rates. Fusion rates generally declined with each additional generation and ranged from 66% for the parent-donor embryos to 52% for second generation donors (p < 0.01). Developmental rates were highest for first and third generation donors (20% and 19% ) and lowest for second generation donors (10%;p < 0.001 ). Further understanding of the factors that are conducive to high developmental rates and nuclear reprogramming may make it possible to produce an unlimited number of genetically identical animals.
INTRODUCTION
The production of a large number of genetically identical animals from nuclear transfer procedures will most likely require the implementation of multiple generational cloning. Multiple generational cloning or recloning utilizes the nuclear transfer embryo (clone) itself as the donor for the next generation of cloning. Therefore, if the first cloning cycle produces 10 viable embryos, the next cycle of recloning could possibly result in an exponential increase of 100 second generation clones. This might be continued to produce an unlimited number of identical embryos. This procedure assumes that the success rate for each generation of recloning remains constant. However, very little information has been reported on success rate for recloning in mammals. Previous nuclear transfer studies have mainly concentrated on successfully producing first generation embryos and offspring (rabbit [1] , sheep [2] , and cattle [3] ). Additional embryo cloning studies in mammals have shown continued improvements in cloning efficiencies for first generation embryos [4] [5] [6] [7] . Successful recloning of mammalian embryos has been only briefly reported in two articles [7, 8] . Detailed information on success rates of recloning for different stage embryos and various generations of donor embryos has not been published. Therefore, it is unclear whether procedures used to produce first generation clones will be as successful in several generations of recloning. In addition, the developmental capacity of recloned embryos is not known.
In amphibians, development has been enhanced by the transfer of donor nuclei into metaphase I oocytes followed by the use of serial transfer or recloning procedures [8] . Differentiated nuclei developed to advanced tadpoles when the nuclei were transferred back into an enucleated egg after the initial transfer into the oocyte; nuclei that were not transferred back to the egg had lower developmental capacity. Additional recloning was not detrimental and may have improved the developmental capacity of the differentiated donor nuclei.
In the current study, the efficiencies of recloning bovine embryos were investigated. Initially, different lengths of embryonic culture time (4 days vs. 5 days) between recloning attempts were examined. Differences in recloning efficiencies were then determined for each generation of clones produced. The results suggest that success rates for recloning do differ in relation to culture length and generation number. A limited number of multiple-generation clones were transferred into recipient heifers, resulting in offspring from first, second, and third generation clones.
MATERIALS AND METHODS

Recipient Oocytes
Metaphase II oocytes were recovered from the reproductive tract of superovulated Holstein heifers between 24 and 48 h after they exhibited estrous behavior. Once removed, the oviducts were flushed with PBS to recover the oocytes and transported to the laboratory, where they were prepared for enucleation.
Parent Embryos
Donor Holstein heifers were superovulated and artificially inseminated. Embryos were recovered from the reproductive tract from 4 to 6 days after standing estrus. The embryos were flushed from the reproductive tract with PBS and transported to the laboratory in this medium. abMeans without a common superscript are different (p < 0.001).
Micromanipulation Techniques
The oocyte enucleation, blastomere transfer, and electrofusion portion of the cloning procedure has been described previously [3] . Briefly, metaphase II oocytes were placed in hamster embryo culture medium (HECM) with HEPES buffer [10] containing 7.5 xg/ml Cytochalasin B (CB; Sigma, St. Louis, MO) and incubated in this medium for 15 min prior to the start of and during enucleation. Enucleation was accomplished through use of a micropipette to remove the polar body and the surrounding cytoplasm. The micromanipulation setup consisted of Narishige manipulators (Fryer Co., Carpenterville, IL) mounted on an inverted microscope. After the oocytes were manipulated they were screened to determine which oocytes had been successfully enucleated. This involved staining the oocyte with 1 jig/ml 33342 Hoechst dye (Sigma) in HECM and then viewing the oocytes under ultraviolet irradiation for less than 10 sec. In previous experiments we have observed no detrimental effect of the Hoechst dye and limited ultraviolet irradiation on the development of nuclear transfer embryos; Westhusin and coworkers have made this observation also [7] . The oocytes that were successfully enucleated could then be used as recipient cytoplasm for an isolated blastomere.
Parent embryos (16-64 cell stage) also were placed in 7.5 RIg/ml CB for 15 min before the individual blastomeres were disaggregated and placed in the perivitelline space of enucleated oocytes. Incubation in CB reduced the cell-tocell contact in compact morula-stage embryos and facilitated the separation of blastomeres for transfer. Embryo cell number was determined by counting the blastomeres transferred into enucleated oocytes from each embryo used. Nuclear dye Hoechst 33342 has been used previously to confirm the accuracy of counts of blastomeres during the cloning process [11] . There was no significant difference between these two methods of counting the cells in various stages of bovine embryos.
After the blastomeres were transferred into the perivitelline space, the two cells were fused by electrofusion. The cells to be fused were first washed in Zimmermann's fusion medium (AMSCO, Erie, PA). A fusion chamber consisting of two electrodes 500 iLm apart and overlaid with Zimmermann's fusion medium was used to fuse the blastomere and oocyte cytoplasm. The electrofusion process required that the membranes to be fused be parallel to the two electrodes. Then a 115-V 15-,usec electrofusion pulse was delivered to the fusion chamber with a BTX Electrocell Manipulator 200 (BTX, San Diego, CA). Fusion rates were determined between 30 and 60 min after the fusion pulse was given; during this interval the embryos were maintained in HECM. Fusion rates were calculated by dividing the number of embryos in which fusion was observed by the number of embryos in which fusion was attempted. Although this figure provided an estimation of fusion rates, preliminary data from in vitro culture experiments indicated that some fusion does occur after the 30-60-min period.
Preimplantation Embryo Culture
All fused and nonfused embryos were placed in agar cylinders with an inside agar concentration of 0.9% and an outside layer composition of 1.1% agar. The cylinders were then surgically transferred into the oviduct of sheep through a midventral incision. After 4 or 5 days the sheep were killed and the oviducts were immediately flushed with HECM. Recovery rates varied with the condition of the sheep and the time of year. The clones that developed to the morula stage were cut out of the agar and graded for development. Clones were classified as morula if most of the blastomeres were equal in size and/or showed signs of compaction. Nonmorula embryos ranged in morphology from one-cell structures with lysed membranes to early-cleavage-stage structures with lysed membranes or fragmented cytoplasm. These structures were often damaged further if removed from the agar cylinders, thus prohibiting any accurate classification of non-morula structures. Some clones were used as donor embryos to produce the next generation of embryos, and a limited number were transferred into recipient heifers. The majority of transfers to recipients were single embryos, but at times a poor-quality clone was also transferred along with the viable clone. Viable morula-stage clones were nonsurgically transferred into the uterine horn ipsilateral to the corpus luteum of the recipient heifers. The stage of development for the transferred clones was matched with the day in the estrous cycle of the surrogate heifers. Recipient heifers were observed throughout gestation for signs of returning to estrus.
Statistics
Statistical computations were made through use of chisquare analysis for all data except embryo cell number, for which analysis of variance was used [12] . 
RESULTS
Clones Cultured for 4 or 5 Days
Fusion rates for clones derived from parent embryos and then cultured for either 4 or 5 days in the oviduct (Table  1) were the same (95/155, 61% and 1148/1848, 63%, respectively). The Day 4 clones did not have a significantly higher developmental rate than the Day 5 clones (20% vs. 16%). Table 2 shows how fusion rates differed when Day 4 or Day 5 clones were used to produce the next generation of clones.
Donor embryo cell number and developmental rates to morula stage for clones can be multiplied together to give an idea of the resulting number of clones obtained from one round of recloning. On the basis of this information, Day 5 donor clones on average would be expected to produce 4.5 next-generation embryos (28.1 x 16%) whereas Day 4 clones might be expected to produce only 3.6 nextgeneration clones (17.8 x 20%). Therefore, a Day 5 embryo-donor embryo would average 0.9 more clones per generation.
Multiple Generations of Embryos
To determine differences in embryo cell number and fusion rates among various generations of clones, only multiple generational donors that had been cultured for 5 days were used (Table 3 ). First generation clones had lower cell numbers (p < 0.05) and lower fusion rates (p < 0.01) when used to produce the second generation of clones. Second and third generation donor cell numbers did not differ from those for first generation donor clones. Fusion rates for third generation donor clones were lower than those of the parent-donor embryos (p < 0.01), but were not different from first and second generation fusion rates.
Developmental rates also varied for different generations of clones (Table 3) . Of first generation clones cultured for 5 days in the sheep oviduct, 20 percent developed to the morula stage. However, when the clones were used in the recloning procedure, the development rate was only 10%. Thus there was a significant difference in developmental rates between first and second generation clones (p < 0.001). Development rates then rebounded for third generation embryos (19%). This was followed by a 12% developmental rate for a limited number of fourth generation clones.
One clonal line gave rise to 11 first generation, 16 second generation, 20 third generation, and 7 fourth generation clones, for a total of 54 clones produced through recloning. Two donor embryos were used to produce each subsequent generation of embryos except for the third generation, where three donor embryos were recloned. A few of the clones not used as donor embryos were transferred to recipients, and one first and one third generation calf were produced from this line.
Only a limited number of viable clones were transferred to recipient animals during the time of the experiment (Table 4). Although some recipients received two embryos, one being of poor quality, all births were singles. Pregnancies were lost throughout gestation for all generations of clones. First generation clones resulted in a 10 percent calving rate, while second and third generation clones resulted in 2 and 3 percent calving rates, respectively. Fourth generation clones were not transferred to recipient females in this study. There was no significant difference between any of the groups. Two calves (one first generation calf and the second generation calf) had large birth weights (160 lbs. and 162 lbs., respectively). The other eight calves had an average birth weight of 84 -10 lbs.
DISCUSSION
Detailed documentation of multiple generational bovine embryos and offspring has been presented in this study. First through fourth generation clones were produced, and first through third generation calves were born. Other reports have shown that second generation clones can be produced; however, resulting offspring or calving rates for these embryos were not presented [7] . There also has been a review article suggesting that multiple generational bovine cloning is possible and reporting the birth of a third generation calf [8] . The actual efficiencies of the recloning procedure were not reported in that paper. Recloning efficiencies will vary according to the developmental stage of the donor embryo used to produce the next generation. Day 4 clones had a lower cell number than the Day 5 clones, but the two groups had similar developmental rates to morula stage after four or five days of culture in the sheep oviduct. The 24 h of additional culture increased the cell number. This is in agreement with a previous study [7] ; however, in that report the actual cell numbers and developmental stages of multiple-generation embryos differed from our findings. In the earlier study, Day 4 and Day 5 clones having between 8 and 20 blastomeres were used to produce second generation clones, and in some experiments the first generation donor clones averaged 10.5 cells [7, 13] . Also, some of the Day 5 embryos were too compact to use as donors. In the present study, average cell numbers for clones for both Days 4 and 5 appear to be higher (17.8 and 28.1, respectively). Difficulties in blastomere separation in compacting Day 5 donor clones were not encountered in the current experiments. One of the obvious differences in the cloning procedures used in these two studies was that more cytoplasm was removed during enucleation (50%) by Westhusin and coworkers [7] . The effect of cytoplasm volume has been investigated in fertilized bovine oocytes [14] . Cell counts were compared among embryos resulting from oocytes processed such that a minimal amount of cytoplasm was removed and oocytes processed such that half the cytoplasm was removed. The cytoplasm was removed prior to fertilization. Although the difference was not significant, oocytes having only a minimal amount of cytoplasm removed had 30% more cells than embryos obtained from oocytes with half of the normal cytoplasm amount. Taken together, these data suggest that in the cloning procedure, minimal cytoplasm removal during enucleation may enhance the end number of cells in clones.
Fusion rates were higher for Day 4 clones used as donors to produce the next generation than for Day 5 donor clones. The lower fusion rates for the Day 5 clones could have been due to the disparity in the size of the blastomeres between these two groups; that is, blastomeres from Day 4 clones were larger than those obtained from Day 5 clones. This phenomenon also has been observed in other species in experiments using different stage donors. In both the sheep and the rabbit, 16-to 32-cell-stage donors have a higher fusion rate than smaller ICM cells [6, 15] . In those reports and the current study, only a minimal amount of cytoplasm around the first polar body was removed during the enucleation procedure. However, when approximately 50% of the cytoplasm was removed from the recipient oocyte through nuclear transfer procedures, there does not appear to have been a significant difference in fusion rate of parent-donor embryos at the 32-cell-stage or the 64-cell stage [7] . In systems where less cytoplasm has been removed from bovine recipient oocytes, a difference in fusion rates between these two stages of donor parent embryos has been observed (unpublished data, S.L.S.). This may be due to a greater disparity between the size of the oocyte cytoplast and the donor blastomere. Lower fusion rates following electrofusion have often been obtained in other cell types in which there was large disparity in the size of cells [16] . In the recloning procedure, the donor clones have reduced amounts of cytoplasm resulting from the enucleation process. Therefore, 32-cell-stage blastomeres from donor clones actually have up to one third less cytoplasm than blastomeres coming from a parent 32-cellstage embryo.
Another factor affecting the fusion rate during multiple generational cloning may be the viability of the donor clones. Cell counts in the donor embryos did not decrease over different generations, but this was just one parameter used in determining the quality of embryos. Others have observed differences in clones [7, 8] . One of the obvious differences has been variation in the size of blastomeres within a donor embryo. This may be due to a number of factors and would suggest that some blastomeres in an embryo might be less viable than others. Certainly, nonviable cells will be less apt to undergo electrofusion.
Reduced viability of some donor embryos might also partially explain some of the differences seen in the developmental rates for various generations of embryos: reduced developmental and calving rates could be the cumulative effect of suboptimal embryo culture conditions. By the fourth generation, clones have been in either the sheep oviduct or in culture medium under a microscope for a total of 20 days. Understandably, proper culture conditions are very important for successful recloning experiments. Recent advances in bovine in vitro culture systems have eliminated the requirement for in vivo culture systems such as the sheep oviduct [17] . However, bovine embryo culture systems are still suboptimal [18, 19] . Comparisons between in vivo and in vitro cultured sheep embryos showed a reduced pregnancy rate for in vitro cultured embryos transferred to recipient females [20] . Continued refinements in embryo culture techniques will certainly result in an increase in the quality of clones and in the resulting pregnancy rates.
The micromanipulation techniques could also be involved in the reduced viability of clones. The cloning procedure requires exposure of the clones to potentially harmful chemicals such as cytoskeleton inhibitors (CB). In addition, enucleation and electrofusion techniques involve mechanical and electrical disruption of the plasma and possibly the nuclear membranes.
Lower developmental rates could result from incomplete reprogramming of donor nuclei. However, a study using the ultrastructure of the nucleoli, the configuration of nuclear membranes, and the initiation of RNA synthesis as criteria for nuclear reprogramming in bovine clones showed little differences when the clones were compared to fertilized embryos [21] . Thus, clones from 8-cell-stage donor nuclei had an early developmental pattern similar to that of fertilized embryos. Those studies were convincing for 8-cell-stage donor nuclei, but it remains to be seen whether donor nuclei from later stage embryos (16 to 64) and multiple generational clones are completely remodeled. Therefore, the lower viability seen with multiple generational clones and with clones in general could be due to either micromanipulations techniques, incomplete nuclear reprogramming, embryo culture conditions, or a combination of all three.
The present study suggests that multiple generational cloning is possible; but in order to make a large number of genetically identical offspring, further improvements need to be made. Some parent embryos may be better suited or more adaptable to the cloning procedures. In this study, one clonal line had consistently high developmental rates for each generation. It may be possible to screen parent embryos for certain characteristics that would indicate whether or not they would be suitable for recloning. A longer exposure of the differentiated donor nucleus to the conditioning factors in oocyte cytoplasm has aided in dedifferentiation and recloning in amphibians [9] . This may also improve mammalian reckoning results. An unlimited supply of donor nuclei, e.g. embryonic stem cells, would certainly represent an ideal situation for embryo cloning. This system could then tolerate some lower efficiencies in the cloning procedure. Embryonic stem cells, if successfully used, would eliminate the need for long-term culture of multiplegeneration embryos and the repeated reprogramming of donor nuclei. However, the question of whether mammalian embryonic stem cells can serve as nuclear donors and result in an offspring remains to be answered.
